Porcine adipose tissue glucose metabolism and lipolytic rates have been measured for many years by numerous investigators. However, there is little or no documented indication of the effects of variation in tissue handling procedures or variations in incubation medium components on metabolic rates. We have systematically varied conditions to provide such documentation for these much used techniques. The temperature (18 to 38 C) of tissue during transport had little effect. The medium for tissue transport probably should be buffered. Use of Hepes buffer at greater than 10 or 25 mM in incubation media inhibited glucose metabolism and lipolysis. Calcium ion effects on glucose metabolism or lipolysis could not be demonstrated. Dimethyl sulfoxide should not be used routinely. Ascorbate at .56 mM did not inhibit glucose metabolism or lipolysis. Glucose metabolism was increased by glucose concentration to about 5 mM and not inhibited at higher concentrations; we recommend 10 or 20 mM glucose to ensure maximal rates. Insulin stimulated glucose metabolism but effects were slight, not related to insulin concentration and not consistently observed. Addition of some albumin preparations did not allow expression of insulin stimulation; we recommend albumin be omitted or, if included, carefully monitored. Lipolytic rates were dependent on albumin concentration, but rates were similar with all albumin preparations. Insulin markedly inhibited hormone-stimulated but not basal lipolysis. Adenosine, an inhibitor of lipolysis, did not affect glucose metabolism rates. An artificial oxygen carrier did not increase anabolic activity. Incubation in serum increased rates of glucose metabolism relative to lipolysis so that refinement of the incubation might lead to greater anabolic than catabolic rates in vitro to reflect the status of adipose tissue in growing pigs in vivo. Tissue handling and incubation conditions can markedly affect metabolic rates, and should be understood and controlled.
appear in the literature, but there has been no systematic presentation of the rationale for the optimization of the systems and the composition of the incubation medium. We will address the optimization of some of the more important components in the incubation medium, the influence of tissue handling procedures on metabolic activity, and the variability observed.
Methods
Crossbred female or castrated male pigs between 20 and 50 kg body weight were used as a source of tissue. The genetic background was variable and not controlled. Smaller pigs were restrained by holding across the handler's lap, whereas larger pigs were restrained with a snare. They were anesthetized with sodium thiopental injected into an ear vein; adipose tissue was obtained with a biopsy gun from the dorsal subcutaneous adipose depot (Mersmann et al., 1981; Mersmann, 1983) . Tissue was placed in .9% NaC1 at 35 C (unless otherwise indicated) for transport to the laboratory (about 15 min from the time of biopsy). A pool of tissue slices was prepared from the adipose tissue biopsies obtained from each pig. The tissue slicer has a platform with a fixed blade mounted at the edge; depth was set at about .4 mm. Tissue plugs were sliced horizontally by passage across the moistened platform against the knife edge.
Adipose tissue slice metabolism of glucose to CO2 and glucose incorporation into a total lipid extract (hereafter called glucose metabolism when discussed together) were measured. The medium (unless otherwise indicated) was KrebsRinger-bicarbonate buffer (abbreviated KRB, composed of 118 mM NaC1 + 4.71 mM KC1 + .63 mM CaC12 + 1.19 mM KH2PO4 + 1.19 mM MgSO4.7 H20 + 25 mM NaHCO 3 and routinely gassed using a gas dispersion tube for 10 min with 5% CO2 in oxygen). This medium contained 50% of the CaC12 concentration usually indicated for KRB. The medium also contained 20 mM glcuose, .5 ~Ci [U-14C] glucose per flask and .1 U porcine insulin s per ml. There were SSI_144_2A crystalline porcine insulin (24.7 units'mg -1 ) were generously provided by Lilly Research Lab., Greenfield, IN 46140. e NCS Reagent, Amersham Corp., Arlington Heights, IL 60005. 7Fraction V, defatted bovine serum albumin (A6003). Sigma Chemical Co., St. Louis, MO 63178. 100 mg of tissue slices per flask. Incubations were in triplicate or quadruplicate in 25-ml siliconized, sealed Erlenmeyer flasks under an atmosphere of 5% CO2 in oxygen. After 90 or 120 rain at 37 C with reciprocal shaking at 90 strokes.min -1 , the reaction was stopped by injection of .25 ml of 1 N H~SO4. The evolved CO 2 was trapped in .2 ml of NCS reagent 6 injected into suspended center wells containing filter paper. The lipids were extracted from the medium plus the slices with chloroform:methanol (2:1, v/v) according to Folch et al. (1957) . In experiments with albumin in the medium, a measured portion of the lower phase was removed after the initial Folch partitioning to facilitate removal of precipitated protein from the interface. The measured portion of the lower phase was then washed according to Folch et al. (1957) . Radioactivity in the lipid extract and in the center well containing the trapped 14CO2 was determined in a liquid scintillation counter. Details of these procedures were reported previously (Mersmann et al., 1973a (Mersmann et al., , 1981 Mersmann, 1983) .
Lipolysis was measured in adipose tissue slices in a system somewhat similar to that for measurement of glucose metabolism (unless otherwise indicated). The medium of KRB ( 89 Ca ++ concentration) contained 5.56 mM glucose, .56 mM ascorbate and 4% bovine serum albumin 7. Unless indicated otherwise, there was no insulin or radioactive glucose present. Basal lipolysis was measured in triplicate with no exogenous hormone added. Stimulated lipolysis was measured in triplicate in the presence of 10 -s M isoproterenol bitartrate + 10 -3 M theophylline, unless indicated otherwise. Theophylline was added to ensure that the maximal rate was approximated because the concentration of isoproterenol to achieve the maximal rate is highly variable between pigs (Mersmann et al., 1974) and theophylline shifts the catecholamine dose • response curve to lower concentrations (Mersmann et al., 1975) . Incubations were for 120 min at 37 C with reciprocal shaking at 90 strokes,min -1. Reactions were stopped by chilling the flasks on ice. The medium was filtered through cheesecloth, frozen at -20 C and later analyzed for free-fatty-acid concentration by extraction and titration. Details of these procedures were described previously (Mersmann et ai., 1974; Mersmann, 1983) .
Because most experiments represented deviations from the standard procedures described above, details will be presented in the table and figure legends. Experiments were randomized block design with animals as blocks. All treatments were represented by tissue from each animal. Each experiment used three animals unless indicated otherwise.
Results and Discussion

Tissue Handling and Variability
Anestbesia. Previous investigations (Mersmann, 1983 ) indicated that several anesthetic or analgesic agents used for the biopsy procedure had little effect on adipose tissue glucose metabolism or lipolytic rates measured by incubation of adipose tissue slices in vitro. The use of intravenous Na thiopental anesthesia is very common and relatively inexpensive. Exposure of pigs to Na thiopental for 2.5 and 5 min before removal of the tissue produced no effects on glucose metabolism or lipolytic rates in vitro (H. J. Mersmann, unpublished data). These times were more realistic to the biopsy procedure than the original 1-min exposure (Mersmann, 1983) . Electroanalgesia also produced no effects on adipose tissue metabolism rates in vitro (H. J. Mersmann, unpublished data).
Transport. Temperature of the transport medium had little effect on metabolic activity. Porcine adipose tissue transported to the laboratory in .9% NaC1 at 18, 28 or 38 C had the same rate of glucose metabolism to CO2, and to total lipid, as well as the same stimulated lipolytic rate (H. J. Mersmann, unpublished data). The temperature effect was confounded by biopsy site for basal lipolytic rate (presently inexplicable). Transport at 38 C produced the greatest mean adipose tissue metabolic rates, although they were not statistically different from those measured at the other temperatures (P>.I).
Early reports indicated tissue was usually transported in .9% NaC1 (e.g., O'Hea and LeveiUe, 1968; Mersmann et al., 1973a; Standal and Vold, 1973; Steele et al., 1974; Huang and Kummerow, 1976) . More recently, KRB buffer (e.g., Chung et al., 1983 ), medium 199 (McNamara et al., 1985 , a fortified sucrose buffer (Etherton and Allen, 1980) , or a KRB + Hepes 8 + glucose buffer (Etherton and Chung, aHepes = N-2-Hyroxyethylpiperazine-N-2-ethanesulfonie acid.
1981) have been used. Effects of the medium in which the biopsy sample was transported at 35 C were studied (table 1) . Measurement of glucose metabolism indicated (table 1) an overall increase in glucose incorporation into CO2 and total lipid by the addition of Hepes buffer (H); glucose (G) or albumin (A) had no effect. Measurement of lipolytic rates (table 1) indicated a complex interaction between the medium components NaC1, KRB, Hepes and glucose regarding the basal lipolytic rate, whereas no significant effects of buffer components on the stimulated Iipolytic rate were observed. These results suggest that either NaC1 or KRB is acceptable as a tissue transport medium for glucose metabolism studies, but addition of Hepes is advisable. Use of NaC1 with no additions is probably acceptable to transport tissue for lipolysis studies. The use of KRB, without Hepes or some other buffer component, as a transport medium must be stringently controlled because the pH is dependent on the CO2 content of the medium. Because the CO2 in the gaseous phase maintains the medium CO 2 concentration, the containers must be tightly closed. Opening to insert the sample entails loss of CO2 and consequently a change in pH.
Adipose tissue glucose metabolism was markedly reduced during extended maintenance of the tissue at 37 C in either NaC1 or a fortified medium (table 2) . The basal lipolytic activity was not affected by storage at 37 C but the stimulated activity was decreased about 30%, regardless of the holding medium used. These results impose restrictions on the design of laboratory experiments that utilize adipose tissue from a single animal aliquoted into a large number of flasks. Unlike many other tissues, adipose tissue cannot be chilled to reduce the rate of deterioration. Consequently, the experimental variables studied must be randomized between the chronological order for flask set-up, and experiment size should be limited. Furthermore, experiments that utilize pre-incubation of porcine adipose tissue must be carefully controlled and monitored to eliminate effects of tissue deterioration.
Tissue Slices. A major source of variability of metabolic data with adipose tissue slices could be the slice itself. Tissue from three different locations in the neck region had the same rates of glucose metabolism, whereas both basal and stimulated lipolytic rates were different among the sites (H. J. Mersmann, unpublished data bpmol glucose incorporated into CO 2 or total lipid (TL).g -a -120 min -1 .
Cpeq fatty acid released.g -~ .120 min -1 . Basal = rate with no exogenous hormone; stim = rate in presence of 10 -4 M epinephrine bitartrate plus 10 -3 M theophylline. dMedia contained NaC1 = .9% NaC1, H = 25 mM Hepes buffer (pH 7.4), G = 5.56 mM glucose, A = 3% Fraction V bovine serum albumin (Sigma Chemical Co. Catalogue #A4503) or KRB = Krebs Ringer bicarbonate buffer, as indicated. Catalogue #A4503) at 37 C. The 0-h samples were immediately sliced and incubated, whereas the 2-h samples remained in the transport medium at 37 C for 2 h before tissue slicing and incubation. There were four replicates with tissue from four different animals. bAnalysis of variance indicated no effects of the medium composition but there were time effects (T; P<.05).
Cpmol glucose incorporated into CO, or total lipid (TL).g -1 .120 rain -t . d peq fatty acid released.g-2.120 rain -1 . Basal = rate with no exogenous hormone; stim = rate measured in presence of 10 -4 M epinephrine bitartrate plus 10 -a M theophylline.
1981) indicated site variation for glucose metabolism rates but no distinct pattern was discernable. Major differences have been observed in lipogenic enzyme activity among adipose tissue samples from distinctly different anatomical locations (Anderson et al., 1972; Hood and Allen, 1973) and even among backfat layers at a single site (Anderson et al., 1972; Hood and Allen, 1973; Mersmann et al., 1981) . These results indicate that the exact anatomical location of the tissue sampling site is important to decrease the variability of metabolic results.
To ascertain the variability from flask to flask (including slice to slice), adipose tissue from a single animal was used to prepare a pool of slices. Fourteen flasks, each with 150 mg of slices, were incubated to measure glucose incoporation into lipids. The coefficient of variation (CV) for flasks was 9%. A similar experiment with 20 flasks per incubation condition indicated a CV of 22% for basal lipolytic rate and 16% for the stimulated (measured in presence of 1.6 • 10 -s M epinephrine bitartrate) lipolytic rate. The CV for titration of fatty acids was 5% for a high concentration sample (1,000 ~eq,liter -1) but for a low concentration sample (125 gteq.liter -1) it was 21%. Much of the variability in basal lipolytic rates (low rates) apparently was the result of titration variability. These estimates of variability can be used to calculate (Steel and Torrie, 1960) or determine with tables (Gold et al., 1975; Caballero, 1979 ) the number of flasks necessary for an experiment, given the size of the difference to be detected and the level chosen for Type 1 and 2 errors.
To measure glucose incorporation into lipids, tissue plus medium can be extracted with CHC13:CH3OH, thus saving the labor and innaccuracy of recovering the tissue slices. Slices were incubated with [U-14C]glucose; extracted slices (15 flasks) yielded 1.61 -+ .07 and extracted slices + medium (15 flasks) yielded 1.76 + .07 /amol glucose incorporated into lipid.g -1.120 min -1 with backgrounds about 50 and 150 cpm, respectively.
Incubation Conditions
Only components of the incubation medium that vary between laboratories were investigated. For example, except for Ca ++ concentration, the composition of the KRB buffer was not studied.
Time and Tissue. Although actual data have seldom been presented for porcine adipose tissue, it is assumed that rates of metabolism are linear with time and amount of tissue present. Several investigators mentioned that glucose conversion to either CO 2 or lipid increased linearly with time or amount of slices or isolated adipocytes (Mersmann et al., 1973a; Steele et al., 1974; . Etherton and Chung (1981) and Etherton et al. (1984) presented data on linearity with time and adipocyte number. Glucose metabolism to CO 2 and total lipids by adipose tissue slices was linear with time to 180 rain using 100 mg tissue and with tissue to 200 mg using a 2-h incubation (figure 1). We are not aware of any published data or even mention of the relationship of porcine adipose tissue lipolysis to time of incubation or amount of tissue present. Porcine adipose tissue basal lipolytic rates were low and modestly changed with time of incubation and amount of tissue present (figure 2). These rates did not extrapolate to zero time or milligrams tissue. Because the basal lipolytic rate was not a function of time or amount of tissue, its biological meaning is not clear. The stimulated lipolytic rate also did not extrapolate to zero time and had an obvious lag before the rate became linear at about 30 min. This laboratory has previously observed, on numerous occasions, the extended lag period before a linear rate of stimulated lipolysis is observed (H. J. Mersmann and C. Y. Hu, unpublished data). pH. Saturation of the medium and gas atmosphere with 5% CO 2 (in O~) is necessary for buffering capacity in KRB. After saturation of the medium, the CO2 concentration in the gas phase must be maintained by keeping all containers tightly sealed and replacing the COs when they are opened. The standard gas dispersion time to saturate the medium is 60 min, but shorter times might be useful in the laboratory. The lipogenesis and lipolysis media attain a pH of about 7.5 after 10 min of gassing; there is little change in pH after 60 rain of gas dispersion (table 3) . Addition of the albumin solution (not gassed because of protein denaturation) to the lipolysis medium increased the pH to about 7.6. After 2 h incubation with tissue, the glucose metabolism medium had a slightly increased pH, regardless of gassing time, whereas the lipolysis medium, gassed for 10 min, had a reduced pH (approaching .1 pH unit); the medium gassed for 60 min remained unchanged after incubation. Gas dispersion can be less than 60 min and, although 10 rain produced a Tissue slices (100 g) incubated for various times. 2b) Various amounts of tissue incubated for 120 min. Experiment similar to figure 1 except incubation was in KRB --5.56 mM glucose --.56 mM ascorbate -4% bovine serum albumin (preparation 4, detailed in table 4, Fraction V-fatty acid poor). Stimulated lipolytic rate was in presence of 10-s M isoproterenol + 10 -3 M theophylline; the net (stimulated minus basal) stimulated rate is reported. For most subsequent experiments 100 mg tissue and 120 rain incubation were used for the standard assay and fatty acid release (FA) to the medium was measured. Other experiments reported the gross stimulated rate, not net rate as in this figure. Linear regressions were significant (P<.05) and there was no nonlinear function (P>.I). see = standard error of estimate. aMedia were as described in Methods and figures 1 and 2. Krebs-Ringer bicarbonate buffer gassed with 5% CO 2 in oxygen by gas dispersion tube, then aliquoted to incubation flasks that had the gas phase exchanged with 5% CO 2 in oxygen for 10 s before capping, pH measured after 10 or 60 min gas dispersion through medium and also after addition of albumin to lipolysis medium to yield 4% final concentration (not gassed albumin solution represents 40% of total incubation volume), pH was measured also after a 2-h incubation with 100-mg tissue slices. The medium contained 20 mM glucose and .1 U insulin-ml -i for glucose metabolism and 5.56 mM glucose and .56 mM ascorbate for lipolysis. Each data point represents average of three flasks.
modestly stable buffer, a longer time, e.g., 20 min might be preferable.
Addition of 10 mM Hepes (Etherton and Chung, 1981; Steele et al., 1982) to KRB buffer will increase the buffering capacity but, more importantly, maintain pH when KRB is used as medium to transport and handle tissue in vessels that must be opened and allow escape of CO2. Although Hepes buffer addition does not seem necessary to maintain pH of incubation medium (table 3) , because of regular usage, the effect of Hepes on lipolysis was measured (figure 3). There was no effect on the basal lipolytic rate, whereas the stimulated rate was decreased by Hepes addition. However, low concentrations of Hepes (10 and 25 mM) appeared to have little effect on the stimulated rate, as observed previously (H. J. Mersmann, unpublished data) . The Hepes concentration was not studied as thoroughly for glucose metabolism medium, but Hepes addition at 0, 10 and 50 mM produced glucose conversion to CO2 at 5.3, 4.6 and 4.1 /amol-g -1. 120 min -1, respectively, and conversion to total lipids at 4.8, 4.5 and 3.9 /amol-g-*.120 min -1, respectively (three pigs). At 10 mM concentration there are probably no detrimental effects, nor are there any obvious benefits, of Hepes on porcine adipose tissue glucose metabolism; higher Hepes concentrations are inhibitory.
9 EGTA --ethylene glycolbis (3-aminoethyl ether) N,N,NtN'-tetraacetic acid. Smith (1972) indicated inhibition of glucose metabolism in human adipose tissue by 5 and 10 mM, but not 1 mM Hepes.
Calcium. The concentration of Ca ++ in KRB buffer has been 0 (O'Hea and Leveille, 1968; Christenson and Goel, 1972; Mersmann et al., 1973a; Martin and Herbein, 1976) , about .63 mM (Mersmann et al., 1974; Etherton and Allen, 1980) or 1.27 mM (Chung et al., 1983; McNamara et al., 1985) , with no published comparison of these concentrations. The addition of Ca ++ had no effect on glucose metabolism to CO2 or total lipids (figure 4). Likewise, omission of Ca + + from the medium plus addition of EGTA 9 to sequester remaining Ca ++ did not affect glucose metabolism. Addition of Ca ++ to the incubation medium (after 1 h pre-incubation with EGTA) did not change the glucose metabolism rates (figure 4). Pre-incubation of the tissue slices for 1 h may have lowered glucose metabolism rates (P>.I), as observed previously for tissue held at 37 C for 2 h before incubation (table 4) .
Calcium ion also did not affect the basal or stimulated lipolytic rate; the rates were similar whether Ca ++ was omitted, added at two different concentrations or omitted and replaced by EGTA ( figure 5 ). There may be major species differences regarding Ca ++ effects, e.g., incubation of human adipose tissue without Ca ++ inhibited lipolysis (Efendic et al., 1970) . Although no Ca ++ effects were demonstrated on the porcine adipose tissue metabolic functions measured, we recommend that it be included in the medium because Ca ++ is an im- Figure 4. Calcium effects on glucose metabolism. Incubations as in figure 1 but the Ca ++ content of the KRB during incubation was either O, .63 or 1.27 mM as indicated. Some flasks were incubated with EGTA and no Ca + +, as indicated. Some flasks were pre-incubated for 1 h with no Ca ++ and 10 -a M EGTA in the KRB followed by a 2-h incubation in fresh medium with no EGTA and 0 or .63 mM Ca ++ in the incubation medium. Radioactive glucose was present during the incubation period to measure metabolism to CO 2 and total lipids (TL). Analysis of variance indicated no significant effects of Ca ++ or EGTA; pooled SE indicated.
achieve the desired concentration (Mersmann, 1984a) . Although commonly used, (Me)2 SO is not innocuous and does affect many aspects of metabolism (Wieser et al., 1977; Parafita et al., aAlbumin as 10% solution. Pooled sera from fed or 24-h fasted pigs. Methos of analysis described previously (Mersmann, 1986b) . 1983). In porcine adipose tissue, glucose metabolism to CO s was not affected by (Me) 2 SO, but incorporation into lipids tended to be inhibited (P<.I) in a linear fashion by increased concentration of (Me)sSO (figure 6). The basal lipolytic rate was not affected by (Me): SO but the stimulated rate was inhibited in a linear fashion (figure 7). The degree of inhibition of glucose metabolism and lipolytic rates in the presence of 5% (Me)2SO varies considerably among adipose tissue obtained from individual pigs. i.e., the response to 5% (Me)2SO may vary from 0 to 40% inhibition (H. J. Mersmann, unpublished data); limited experience with other solubilizing agents (polyethylene glycol, dimethylforamide, hexamethylforamide and acetone) yields greater inhibition and less solubilization than with (Me) 2 SO. We would recommend that (Me)s SO not be used unless necessary, and that when used the degree of its effect on the metabolic rates be monitored.
Ascorbate. To retard oxidation of catecholamines, a reducing agent is added to the incubation medium for measurement of lipolytic rates; this laboratory routinely uses .56 mM ascorbate (e.g., Mersmann, 1983) . There was no effect of ascorbate on either basal or stimulated lipolytic rates in swine adipose tissue (figure 8). Although not normally present in media used for glucose metabolism, ascorbate at .56 mM did not change the rates of glucose metabolism to COs or lipids (table 5) .
Glucose, Insulin and Albumin. Glucose is usually chosen as a substrate to study de novo fatty acids synthesis in adipose tissue from nonruminant mammals because it is the major dietary source of carbon for fatty acid synthesis in these species. Glucose commonly has been used at 5 mM (O'Hea and Leveille, 1968; Allee et al., 1971; Martin and Herbein, 1976; Chung et al., 1983) , 10 mM (Steele et al., 1974; Etherton and Allen, 1980; or 20 mM (Mersmann et al., 1981; Mersmann, 1983) to measure metabolism in porcine adipose tissue preparations. Christenson and Goel (1972) illustrated concentration dependence for glucose incorporation into lipids up to about 10 mM glucose, whereas Etherton and Chung (1981) indicated greater incorporation of glucose into CO2 and lipid with 10 mM compared with .5 mM glucose. We observed that the rate of glucose metabolism to CO2 and total lipids was dependent on glucose concentration up to 2.5 and 5.0 mM (figures 9 and 10, respectively); there was no inhibition at higher glucose concentrations. The same pattern of dependence of metabolic rates on glucose concentration was observed in the presence of 2% albumin (figuresll and 12). Most investigators have not used albumin in the medium to study glucose metabolism to CO2 or lipids using porcine adipose tissue slices. However, Etherton and coworkers routinely have used about 3% albumin in such systems (Etherton and Allen, 1980; Etherton and Chung, 1981) . Two percent (Kasser, 1981; Steele et al., 1982) and 1% (Martin and Herbein, 1976) albumin also have been used in this type of incubation. When adipocytes, rather than tissue slices, are the tissue preparation, albumin must be present to help preserve the integrity of the isolated cells (Mersmann et al., 19~3bj Etherton and Chung, 1981) . Because there is no evidence of substrate inhibition, we recommend glucose be included at 10 or 20 mM to ensure saturation of the metabolic processes.
Insulin is necessary for chronic maintenance of porcine adipose tissue enzyme activity contributing to glucose transformation to lipids, as evidenced by greatly diminished enzyme activities and rates of glucose metabolism in diabetic pigs ). .5 .5
.9 2.8 aTissue (100 mg) incubated (120 rain) in KRB buffer containing 4% albumin preparation 6 and either 5.6 or 20 mM glucose, 0 or 500 #U insulin-m1-1 (500 #U = 20.25 ng) and 0 or .56 mM ascorbate. Analysis of variance indicated no effects of glucose, insulin or ascorbate on glucose metabolism. There were no effects of glucose or insulin on basal lipolytic rate but there was an interaction (P<.05) for the stimulated rate; insulin decreased the rate at 5.6 but not at 20 mM glucose. b#mol glucose incorporated into CO 2 or total lipid (TL).g -1 ,120 min -~ . c #eq fatty acid liberated'g -1 -120 rain -1 . Basal = rate with no exogenous hormone; stim = rate in presence of 10 -s M isoproterenol bitartrate. Figures 9 (top) and 10 (bottom). Effect of glucose and insulin concentration on glucose metabolism. Incubations similar to figure 1 but with glucose and insulin varied as indicated (insulin concentration indicated as exponent of 10, e.g., 2 = 102 /~U.m1-1 or 4.049 ng'm1-1 ); incorporation into CO 2 (figure 9) and total lipid (TL; figure 10) presented. Analysis of variance indicated glucose concentration increased both rates (P<.05), whereas insulin concentration increased the production of TL (P<.05) but not CO 2 (P>.I); pooled SE indicated. dependent on insulin concentration (O'Hea and Leveille, 1968; Christenson and Goel, 1972; Mersmann et al., 1973b; Steele et al., 1974; Etherton and Chung, 1981; Chung et al., 1983) . The difficulty in demonstrating insulin stimulation of glucose metabolism in porcine adipose tissue is readily observed by the effects of insulin on glucose saturation curves (figures 9 to 12). With no albumin present, there was no insulin effect (P>.I) on glucose metabolism to CO2 (figure 9) but insulin stimulated glucose incorporation into lipid to a slight but significant degree (figure 10). When these studies were repeated (adipose tissue from different pigs) in the presence of 2% albumin, insulin stimulated glucose metabolism to CO 2 (figure 11) and to lipid (figure 12); stimulation of glucose metabolism to either product was slight but significant; however, a definitive relationship to insulin concentration was difficult to discern. Walton and Etherton (1986) indicated that the particular albumin preparation utilized Injection of diabetic pigs with insulin restores enzymatic activity and rate of glucose metabolism. Likewise, insulin is necessary to maintain rates of glucose metabolism to lipids in porcine adipose tissue cultured for 26 or 50 h (Walton and Etherton, 1986) . Insulin could be expected to stimulate adipose tissue glucose metabolism during short-term incubation by increasing transport into adipocytes as well as specific steps in glycolysis and lipogenesis pathways (Martin et al., 1984) . Consequently, many investigators have added exogenous insulin to incubation media when measuring glucose metabolism to CO 2 or lipid, When tested, the addition of insulin either did not increase glucose metabolism or gave a modest increase in glucose metabolism that usually was not during incubation of porcine adipose tissue to study glucose metabolism has a major influence on the quantitative response to added insulin. They demonstrated a dose-dependent insulin stimulated increase in glucose metabolism to lipid when no albumin, or 3% of one particular albumin preparation, was present. However, for two other albumin preparations there was no increase in glucose metabolism when insulin was added. With no insulin present, variation in amount of the particular albumin preparation that allowed demonstration of insulin stimulation had no effect on rate of glucose incorporation into lipids. In contrast, increased concentrations of the other two albumin preparations (those that did not allow demonstration of an insulin response) stimulated glucose incorporation into lipids in the absence of insulin. The authors concluded that much of the difficulty in demonstrating insulin stimulation of glucose metabolism in porcine adipose tissue was caused by the particular albumin preparation used in the experiments. Furthermore, they speculated that because some albumin preparations have considerable insulin-like materials associated with them, the tissue insulin receptors are already stimulated without addition of exogenous insulin. Etherton indicates that porcine adipose tissue lipogenesis is stimulated by insulin-like growth factor-I (personal communication).
We have attempted to verify the conclusions of Walton and Etherton (1986) by using six different albumin preparations. Analysis of the six albumin preparations for metabolite concentrations indicated no glucose, minimal amounts of glycerol except in preparation 4, high (preparations 1 to 3) or low (preparations 4 to 6) amounts of free-fatty-acid and varying amounts of lactate (table 4) . Glucose metabolism to CO2 was maximally stimulated by insulin in the presence of albumin 1, marginally stimulated in the presence of albumin 2, 5 and 6, and not stimulated in the presence of albumin 3 and 4 (figure 13). Glucose metabolism to lipid was not significantly stimulated by insulin, but the trends were similar to those observed for production of CO2 (figure 13). Certainly, as observed by Walton and Etherton (1986) , different albumin preparations allowed different degrees of expression of insulin stimulation of glucose metabolism.
If the lack of an insulin response can be attributed to insulin-like factors already present in the albumin, one would expect albumin 3 and 4, which did not allow expression of an insulin response, to yield the greatest metabolic rates without insulin in the incubation medium. Albumin 3 yielded high glucose metabolism rates, but albumin 4 did not ( figure 13) . Through the years, most investigators who attempted to demonstrate insulin stimulation of porcine adipose tissue glucose metabolism, with little success, used no albumin in the incubation medium (cited above and figures 9 and 10). Consequently, the refractory response of porcine adipose tissue to addition of insulin in short-term incubations cannot be attributed solely to the albumin preparation used. Furthermore, although albumin preparations vary in allowing expression of an insulin effect on glucose metabolism, albumin 6 did not allow the greatest insulin response in our laboratory (contrary to the observations of Walton and Etherton, 1986) , and our results suggest that the presence of insulin-like factors in certain albumin preparations would not totally explain the suppression of insulin effects as suggested by Walton and Etherton (1986) . They have reported an important observation regarding the relationship of insulin effects and albumin. The discrepancy between their consistent, larger stimulation and our somewhat inconsistent, small stimulation of porcine adipose tissue glucose metabolism by insulin during short-term incubation remains to be resolved. The discrepancy between Walton and Etherton's (1986) Figure 13 . Effect of albumin preparation on glucose metabolism. Incubations were as per figure 1 except that glucose was 5.6 raM, the insulin concentration was 0 or .1 U-ml -l (insulin indicated as exponent of 10, i.e., 5 = 10 s #U'm1-1 or 4,049 ng-ml--I ) and the incubation medium contained 2% bovine serum albumin (albumin preparations 1 to 6). Analysis of each albumin preparation is in table 4, Analysis of variance indicated insulin stimulated CO 2 production (P<.05), but not total lipid (TL) production (P=,12). The individual albumin preparations had an effect on CO 2 (P<.05) but not on TL (P>.I) production; pooled SE indicated. ozsoz* ozs/oz~ COz TL co~ "rL 6 Figure 14 . Effect of albumin concentration on glucose metabolism. Incubations were as in figure 1 but medium contained 0, 2, 4 or 6% bovine serum albumin (preparation 6 -table 4 for analysis) and O, 10 2 or 10 s gU insulin'm1-1 (insulin indicated as exponent of 10, e.g., 2 = 10 a ~U insulin -ml -t or 4-.049 ng'm1-1). Analysis of variance indicated no effects (P>.I) of insulin or albumin concentration on CO 2 or TL production; pooled SE indicated.
albumin interaction is the result of insulin-like growth factors and our experiments, that indirectly do not support this hypothesis, also remains unresolved.
The concentration of albumin (albumin 6) in the incubation medium did not change the rate of glucose metabolism to CO2 or lipid regardless of the presence or absence of insulin ( figure  14) . This observation confirms the work of Walton and Etherton (1986) for this particular type of albumin preparation. The adipose tissue from these pigs did not respond to insulin, in contrast to that from other animals (figures 10 to 13 and the data of Walton and Etherton, 1986) . In our hands, the porcine adipose tissue response to insulin is variable even when incubation is with albumin 6. Because of the complex interactions between albumin and insulin, we recommend albumin not be included in incubations with tissue slices or, if included, the dependence of metabolic rate on albumin concentration must be determined for each type and lot of albumin used. Furthermore, it is preferable to use only one type and lot of albumin for an entire experiment.
Albumin routinely is added to systems to measure lipolytic rates in vitro in order to bind free-fatty-acids extruded from the adipocyte and thus avoid feedback inhibition. Lipolytic rates of porcine adipose tissue have been measured in vitro in the presence of albumin concentrations as low as .2% (Martin et aI., 1974) , but more often at higher concentrations, e.g, 3% (McNamara et al., 1985 ; Walton and Etherton, 1986) , 4% (Mersmann, 1983 (Mersmann, , 1984a Standal and Vold, 1973) or 4.5% (Mersmann et al., 1974) . Basal and stimulated lipolytic rates were similar with all 6 albumin preparations (figure 15) in spite of the fact that albumins 1 to 3 had much greater free-fatty acid concentrations than albumins 4 to 6 (table 4). Basal lipolytic rate was linearly related to the level of albumin in the medium, whereas the stimulated rate was nonlinearly related to the albumin concentration ( figure 16 ). This laboratory has routinely used 4 or 4.5% albumin in incubation medium, but 4.5 or 5% albumin might yield greater rates of lipolysis (figure 16). Although these experiments did not show a difference, we recommend use of albumin treated to remove free-fatty-acids to ensure enough capacity to bind free-fatty-acids in the medium.
Insulin is expected to inhibit adipose tissue lipolytic activity (Martin et al., 1984) observed in the presence of either albumin preparation 4 or 6 (figure 17); the two albumin preparations tended to produce slightly different quantitative results for insulin inhibition. The basal lipolytic rate was not affected by insulin or the albumin preparation. Walton and Etherton (1986) did not observe insulin inhibition of the basal rate of lipolysis in porcine adipose tissue incubated with an albumin similar to preparation 6. This laboratory has previously observed insulin inhibition of stimulated lipolysis with albumin preparations similar to 4 and 5 (Mersmann, 1986a) .
Finally, lipolytic rates were determined with high glucose concentration plus insulin (and albumin necessary to measure lipolysis) and glucose metabolism rates were determined with albumin, ascorbate and lower glucose concentration to determine the function of the synthetic and degradative pathways during assay of the opposite function. Glucose metabolism to CO 2 or total lipid (in the presence of 4% albumin) was similar regardless of the glucose (5.56 or 20 mM), insulin (0 or 500/JU.m1-1) or ascorbate (0 or .56 mM) concentrations (table 5) . Extrapolation of these results (lacking consideration of other substrates and metabolic regulators) would indicate glucose metabolism operates at similar rates in both pre-and postprandial states. The basal lipolytic rate was similar whether the glucose concentration was 20 or 5.6 mM, or whether insulin was included in or excluded from the incubation medium.
The stimulated lipolytic rate tended to be lower in the presence of 20 than 5.6 mM glucose in the absence of insulin, but was higher at 20 than 5.6 mM glucose in the presence of 500/JU insulin-m1-1. Insulin inhibition of lipolysis was apparent only at the lower glucose concentration. Extrapolation of these results (disregarding other substrates and metabolic regulators) might imply that postprandial increase in both glucose and insulin does not inhibit lipolysis but that inhibition only occurs as glucose returns toward preprandial levels. However, serum glucose does not reach 20 mM in nondiabetic pigs.
Adenosine. This metabolite is produced actively by adipose tissue and inhibits the rate of lipolysis (Honnor et al., 1985; Lafontan and Berlan, 1985) . Adenosine inhibited epinephrinestimulated porcine adipose tissue lipolysis in vitro by decreasing the response of the tissue to a given dose of epinephrine without changing the maximal response (Mersmann, 1984c) . Addition of adenosine deaminase to slices (to destroy adenosine) increased sensitivity to epinephrine Figure 17. Effect of insulin on lipolytic rate (FA= fatty acids). Incubations as in figure 2 but with no theophylline present and with 4% albumin; either preparation 4 or 6 (analysis in table 4) as indicated. Insulin was included in the incubation at 0 and at concentrations varied from 10 to l0 s pU'ml -I (102 pU = 4.049 ng) by orders of magnitude as indicated. Analysis of variance indicated no insulin or albumin effect on the basal lipolytic rate (P>.I). The stimulated rate (Stim) tended to be affected by the albumin preparation (P<.I) and was inhibited by insulin (P<.05); pooled SE indicated.
but did not affect maximal response (Mersmann, 1984c) . Adenosine added to porcine adipose tissue slices at concentrations between 10 -s and 10-3 did not influence rates of glucose (20 raM) metabolism to CO2 or lipids (mean of three animals). Furthermore, addition of 1 U adenosine deaminase-ml-1 (no exogenous adenosine) did not alter glucose metabolism rates (H. J. Mersmann, unpublished data). Adenosine had no demonstrable effect on porcine adipose tissue glucose metabolism to CO2 or total lipid, even though it enhanced glucose uptake and incorporation into lipids by rat fat cells (Joost and Steinfelder, 1982) .
Oxygen Carrier. There is a major problem with utilization of lipogenic and lipolytic rates obtained in KRB buffer in vitro to predict quantitatively fat accretion in growing pigs. In all cases, the lipolytic rates are much greater than the lipogenic rates and would predict Ioss of fat (see Mersmann, 1986b , for further discussion). Because glucose metabolism to lipids involves the Krebs cycle and is oxygendependent, the rates in vitro may be limited by oxygen concentration at the cell. Tissue slices incubated in vitro are dependent on diffusion for oxygen supply and probably do not have as efficient gas exchange as in vivo. Addition of a chemical oxygen carrier to the medium did not increase the rates of glucose metabolism but rather decreased them (table 6); there was no effect on the lipolytic rates.
Incubation in Serum.
Another approach to increase anabolic rates in adipose tissue was to incubate tissue with serum. Serum or plasma is a complex medium composed of many proteins including enzymes, hormones and proteinaceous growth factors, as well as nonprotein hormones and metabolites. There were differences in anabolic and in catabolic rates in tissue incubated in serum from fed compared to fasted pigs (table 7) ; the causes of these disparate rates were not readily decipherable, nor were they easily related to the metabolite concentrations aTissue slices (100 mg) were incubated (120 min) in KRB buffer to measure glucose (20 mM) metabolism to CO: or total lipid. Insulin (103 /~U-m1-1 = 40"49 ng) was added to some flasks. Tissue also was incubated in an oxypherol medium under similar circumstances; oxypherol medium contained the same salt and glucose concentrations as KRB. Lipolysis medium with KRB or oxypherol contained 5.56 mM glucose, .56 mM ascorbate and 2.5% bovine serum albumin 6. Buffers were gassed with 5% CO: in oxygen for 20 min.
boxypheroi is a perfluorochemical artificial blood material purchased from Alpha Therapeutic Corp., Los Angeles, CA 90032. The medium contained 80 parts oxypherol emulsion and 20 parts H: O containing salts, glucose, ascorbate and hormones as indicated in standard conditions. There was no Ca ++ in either KRB or oxypherol because of precipitation in the latter medium.
CGlucose metabolism data indicated as #mol-g -1 "120 rain -t . Lipolysis data indicated as #eq fatty acid released-g-1,120 rain -1 . dData indicated as mean and pooled SE. Analysis of variance indicated glucose metabolism to CO 2 and total lipid was greater (P<.05) in KRB than oxypherol; there was no insulin effect. The incubation buffer had no effect on basal or stimulated lipolysis. aTissue (100 mg) was incubated (120 min) in 2.9 ml serum plus .1 ml (.5 ~tCi) [UJ4C] glucose to measure glucose metabolism or 2.9 ml serum plus .1 ml H20 (basal) or isoproterenol (stim; final isoproterenol concentration = 10 -s M) to measure lipolysis. For each variable measured, data were analyzed by t-test, comparing fed and fasted sera. b~mol glucose incorporated into CO 2 or total lipid (TL)'g-1,120 min -1 . e~eq fatty acid released.g -1 9 120 min -1 . *P<.05. of the sera (table 4) . Disregarding these details, it is pertinent to note that incubation in serum produced lipogenic and lipolytic rates that were similar to each other or, in the case of fasted serum, a rate of glucose incorporation into lipids that was greater than the basal lipolytic rate (table 7) . These crude experiments indicate that an incubation system could be devised such that anabolic rates are greater than catabolic rates in tissue from animals that are rapidly depositing fat.
Summary
We have made some specific recommendations for incubation of porcine adipose tissue to measure glucose metabolism and lipolytic rates in vitro. However, the most important contribution is to provide quantitative data upon which to select incubation conditions in vitro for future studies. It is obvious that there is not one set of conditions to yield optimal metabolic rates for these pathways, but that the systems are complex, and several factors, singly or in combination, may influence observed rates. Inclusion of a component in the incubation or tissue carrying medium should not be artibrary and the inclusion must be justified by experimentation. Hopefully, the interaction of albumin with insulin will be resolved so that this major contributor to the complexity can be eliminated.
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